X-ray diffuse scattering has been observed in silicon crystals containing oxygen clusters. The crystals were initially dislocation free and the clustering was produced by a heat treatment at 950°C for 5 h. Since defect sizes are relatively large, measurements were made in a double-crystal spectrometer close to Bragg reflections of about 2" halfwidth. From the angular dependence of the diffuse scattering we estimate the average defect size to be about 2000 A,. In addition a very noticeable asymmetry in the diffuse scattering was observed with much higher intensities at the high-angle tail of the Bragg reflection. Very marked changes in the intensity of the anomalous transmission of X-rays in silicon have previously been observed following similar treatment. The defects responsible for the observed anomalous transmission and diffuse scattering effects have been characterized by X-ray topography and electron microscopy. The asymmetry of the diffuse scattering observed is consistent with the direct determination of the interstitial nature of the defects produced after clustering.
I. Introduction
Evidence of diffuse scattering from clusters of oxygen in Silicon is reported herein. In previous publications (Patel & Batterman, 1963; Patel, 1973 ) the problem of oxygen precipitation in silicon has been outlined. To recapitulate very briefly; when silicon crystals are grown from quartz crucibles they can contain up to 10 TM atom cm -3 of dissolved oxygen, which can be detected by a band in the infrared at 9 /~m. Earlier work has shown that the intensity of the anomalous transmission of X-rays in initially highly perfect silicon crystals is drastically reduced when the oxygen is clustered or precipitated by heating the crystals at 1000°C. The nature of the defects produced by heat treatment has been investigated by X-ray topography (Patel & Authier, 1975) and transmission electron microscopy (Maher, Staudinger & Patel, 1975) for both large and small defect sizes respectively. The aim of the present work has been to see if the clusters can be detected by the diffuse scattering of X-rays in the vicinity of Bragg reflections. Recent work both theoretical and experimental (Dederichs, 1971; Thomas, Baldwin & Dederichs, 1971; Larson & Young, 1973; Erhart & Schilling, 1973) has amply demonstrated the scope and power of this method in providing a detailed knowledge of defects in crystals. The majority of the studies so far have concentrated on radiation-induced defects both individual (Erhart & Schilling, 1973) and clustered (Larson & Young, 1973) in metals with cluster sizes in the range of 10-50 A~. The experiments reported here on semiconductor silicon deal with a realm of cluster sizes almost two orders of magnitude greater than those reported for instance for neutroninduced defects in copper (Larson & Young, 1973) .
II. Theory
The fundamental theory of diffuse scattering from defect crystals has been treated by several authors (Dederichs, 1971; Krivoglaz, 1969; Trinkhaus, 1972) . We outline here only those parts of the theory that are relevant to the understanding of our experimental measurements. In a general way one may distinguish between two regions of diffuse scattering. Consider first a region close to the Bragg peak where the deviation from the Bragg position q is small; q is defined as K=q+h, where K is the scattering vector and h the reciprocal-lattice vector. In this region, known as the Huang scattering region, it has been shown that the scattering function S(K)~ l/q z. This is the well-known inverse q2 dependence of the Huang scattering. The contribution to this region of scattering at small q in reciprocal space comes from regions that are far from the defect core in real space. At larger q values, the scattering comes from regions closer to the defect core and has been shown to be proportional to q-4. As has been pointed out by Dederichs (1971) , Thomas et al. ( 1971) and Larson & Young (1973) the diffuse scattered intensity measured in a double-crystal spectrometer with a wide-open counter is an integrated intensity where the total intensity, scattered in the vicinity of a reciprocal-lattice point h, is measured as a function of the deviation g0 from 0B. Therefore one must integrate S(K) = Ss,(q) over all q values on the Ewald sphere. For any scattering vector K this may be specified by a minimum value q=q0, where [qol=lh[AOcosOB as shown in Fig. 1 .
The results of the integration for the intensity scattered from interstitial clusters have been given by Dederichs (1971) and Larson & Young (1973) . For the region of small q where q< 1/Ro and R0 is the mean cluster radius, the symmetrical part of the diffuse scattered intensity l~,(qo) can be expressed as
where A involves the size and number of clusters as well as the wavelength of the radiation. 
Here C involves the size of the defect, their number and the particular reflection used. Thus at larger q a plot of In H,(qo) vs. In q0 should be linear with slope = -2. In addition, as has been discussed by Dederichs (1971) and Thomas et al. (1971) , there is an asymmetrical component to the diffuse scattering which can give us information on the type of defect present. The asymmetric contribution to the diffuse scattering leads to a higher intensity at larger angles for interstitial- type defects and a higher intensity at lower angles for a vacancy type of defect.
lIl. Experimental
The diffuse scattering intensity measurements were made on a double-crystal spectrometer in the parallel position. The size of the beam incident on the second crystal was approximately 1 x 1 mm. Essentially identical results were obtained with a larger beam size of 2 x 2 ram. The reflection chosen for this investigation was 333 Cu K~I with a theoretical halfwidth of about 2.1". The spectrometer could be set to an angular setting precision of about 0.2". During measurements a moderate degree of care had to be exercised to prevent vibrations of the specimen and drift due to temperature fluctuations. Since intensities were relatively high, a complete traverse of the reflection could be taken in about 1 h. The X-ray anomalous-transmission measurements reported here were also performed on a double-crystal spectrometer with Cu K~I radiation, pt=37 for the 220 reflection. In these measurements only the integrated intensity was recorded as the specimen was rotated through its reflecting position. The silicon specimen studied here was similar to those reported in an earlier study with anomalous Xray transmission (Patel, 1973) . The X-ray specimen was cut from the center of a 2" diameter Czochralskigrown dislocation-free silicon crystal with an oxygen atomic concentration of 7 x 10 x7 cm -3 as determined by infrared absorption measurements at 9 pm. As in our previous work, we have chosen to use the calibration curve of Kaiser, Keck & Lange (1957) for the oxygen concentration. After initial measurements for both anomalous transmission and X-ray reflection the specimen was heated at 975°C for 5 h in H2 to precipitate the oxygen. Solution heat treatments at 1350 °C were performed in the same furnace with H2. 
IV. Diffuse scattered intensity from silicon heated at 975 °C
The results of the rocking-curve measurements near the tails of the Bragg peak for the silicon specimen before and after treatment for 5 h at 975 °C are shown in Fig. 2 . The halfwidths of the two curves before and after treatment were about the same with the peak intensity (not shown on the scale of Fig. 2 ) for the heattreated sample being lower. While the halfwidth was unchanged, the intensity on both sides of the Bragg peak has increased substantially with a higher intensity at the high-angle side of the peak. The symmetrical part of the diffuse scattered intensity is H,(q0)= [I(+ q0) + I(-q0)]/2, which is the average of the intensity change measured at equal q0 or AO on either side of the center of the Bragg peak. This intensity is shown plotted in Fig. 3 as I~(qo)/Io vs. In A0, the deviation from the Bragg position. I0 is the intensity incident on the second crystal. It is apparent that in accord with the prediction from equation (1) the curve is linear at small q0< 1/Ro, with an intercept at A0-~37 '', which from the q relation in § II gives a mean value Ro = 2300 ~. The same information is shown in Fig. 4 In previous work (Patel & Batterman, 1963) it was demonstrated that the clusters redissolve upon heating in the vicinity of the melting point. Following a 3 h heating at 1350°C, one sees in Fig. 5 that the Bragg peak has returned to its original background intensity and is sensibly symmetric for +__ AO. In this figure and in all of the data presented, the open circles and squares represent data taken with the crystal in a given position, while the closed points refer to measurements taken with the crystal rotated 180 ° about the specimen normal, in order to average out surface cut effects.
Since the points almost overlap we believe the surface cut effects can be neglected. In Fig. 5 the curve at 975°C before the 1350°C treatment is also shown. In Figs. 6 and 7 the diffuse-scattered intensity data are shown plotted in the same manner as the corresponding plots in Figs. 3 and 4 but over a slightly larger range of AO. The results are substantially the same. For q<(1/Ro) the intercept in Fig. 6 is at AO~ 38" and for q> (l/R0) the slope of the linear region in Fig. 7 is nearly -2. We conclude from the close correspondence of these results with those in § IV that 3 h at 1350°C was sufficient to redissolve the clusters responsible for the diffuse scattering. 
VI. X-ray anomalous-transmission results
Fig . 8 summarizes the results of the anomalous-transmission experiments following the treatments at 975 °C and 1350°C. The X-ray intensity following the 975 °C treatment has decreased by a factor of 25. Subsequent treatment at 1350°C has restored only about 30 % of the original intensity. Even though the anomalous transmitted intensity has not recovered completely we know from § V that the diffuse scattering has been eliminated. Thus it would seem that defects have been left behind that can still reduce the anomalous transmitted intensity but do not contribute to the diffuse scattering. The nature of these defects has been previously extensively investigated (Patel & Authier, 1975; Maher et al., 1975) at other temperatures of heat treatment, i.e. 1000 and 1200°C. The results of X-ray topographic examination of the specimens used in this experiment are shown in Fig. 9 (a) and (b). Before heat treatment Fig. 9(a) shows the regular Pendell6sung pattern for a perfect crystal. After 5 h at 975°C the pattern has been obliterated but the defects generated cannot be resolved on the scale of X-ray topography.
To obtain information on the defects produced in this temperature range, we have examined by transmission electron microscopy (TEM) silicon heated at 950°C for 3 h. A TEM micrograph is shown in Fig. 10 . The micrograph shows two types of bulk defect observed following heat treatment of silicon containing oxygen.
(a) Punched-out prismatic dislocation loops, and (b) dark unresolved regions shown in the inset in Fig. 10 . The nature of defects (a) has been established by both X-ray topography (Patel & Authier, 1975) and TEM (Maher et al., 1975) . We have not succeeded yet in establishing the exact nature of the precipitate on defect (b). However it is definite (Maher et al., 1975) that it gives rise to a compressive strain field; thus the defect is of the interstitial type. It is also noted that the sizes of these defects (b) are in the range of about 1000.3, within the range of sizes indicated by the diffusescattering results. In addition larger more complex aggregates of defects are observed which are very probably those responsible for the low anomalous transmission following heat treatment at 1350°C.
VII. Summary and discussion
It has been demonstrated that very close to the Bragg peaks diffuse scattering from clusters of oxygen in silicon can be readily observed. The scattered intensity is asymmetric, being higher at the high-angle side of the Bragg peak. This allows one to conclude immediately that the defects responsible are interstitial in nature, giving rise to a compressive type of strain field which is confirmed by direct observations with TEM. The observed integrated diffuse scattering follows the theoretical prediction of the logarithmic dependence on q at q< l/R0; and a q-2 dependence of the diffuse ..... SILICON CONTAINING OXYGEN CLUSTERS scattered intensity at q> 1/Ro. The intercept value at I~ (q0)--0 yields a value of R0 ~ 2200 A which is consistent with the sizes observed by electron microscopy. The diffuse scattered intensity disappears when the crystal is heated for 3 h at 1350°C and an analysis of the scattering due to the clusters using the new background measurements yields very nearly the same results as before both for the q dependence and for
(b)
Ca) the value of R0. The anomalous transmitted intensity is reduced by almost a factor of 25 following a treatment for 5 h at 975 °C. Only 30 % of the initial intensity is recovered after 3 h at 1350°C, although the diffuse scattering is entirely eliminated by this treatment. Previous experiments on the diffuse scattering both integrated (Larson & Young, 1973) and differential (Larson & Schmatz, 1975) from damage clusters in neutron-irradiated copper have shown that the theoretical predictions are well satisfied for the cluster sizes observed which were in the range of tens of A. The present results show that the theory can still be valid when the cluster size is in the range of 1000 A, about two orders higher than those in copper. One reason for the validity of the theory is of course that the Pendell6sung length in our case is about 43 pm, almost a factor of 100 larger than the mean radius R0 of the defects responsible for the diffuse scattering. The assumption therefore that the defects, although large, can be considered as point defects from the Xray viewpoint is valid. We conclude from the anomalous-transmission observation that large defects which do not contribute to the diffuse scattering can nevertheless still influence the anomalous transmission through the factor PPE, which has been pointed out by Dederichs (1971) . The results reported here are a preliminary study to see if large clusters can be detected by X-ray diffuse scattering. The observations can be extended to make differential measurements at various selected points in reciprocal space to extract Huang-scattering information (Larson & Schmatz, 1975) on the structure of the defects as has been suggested by Trinkhaus (1972) . Such experiments involv-ing a range of cluster sizes produced by the appropriate heat treatment are currently under way. I wish to thank A. Staudinger and D. M. Maher for the TEM results in Fig. 10 and P. E. Freeland for aid in various phases of this work.
